Previous studies have shown that genetic variations in rs53576, a common variant of the oxytocin receptor gene (OXTR) resulting from a single nucleotide polymorphism involving an adenine (A)/guanine (G) transition, are associated with attitudinal trust in men. However, the pathway from gene to behaviour has not been elucidated. We conducted the present study to determine whether amygdala volume mediates the association between OXTR rs53576 genotypes and attitudinal trust. Our results revealed that the left amygdala volume was significantly smaller in GG men than in AA and AG men, whereas it was significantly smaller in AA and AG women than in GG women. In addition, the left amygdala volume was negatively associated with attitudinal trust in men, whereas there was no such association in women. We also found a significant mediation effect of the left amygdala volume on the association between OXTR rs53576 genotypes and attitudinal trust in men. The results of our study suggest that the left amygdala volume plays a pivotal role in the association between OXTR rs53576 genotypes and attitudinal trust in men.
Introduction
Trust plays a pivotal role not only in interpersonal relationships, but also in the world of economics, politics, and law; moreover, it has attracted a great deal of attention in the field of social sciences (Barber, 1983; Putnam, 1993; Knack and Keefer, 1997; Yamagishi, 2011; Uslaner and Rothstein, 2005) . With regard to interpersonal relationships, trust provides opportunities to form beneficial relationships and prospects for social exchange. Because trust is a widespread psychological trait found acrosssocieties and the heritability of trust is high (Casarini et al., 2008) , trust may have a biological basis. Accordingly, recent studies have examined the biological foundation of human trust and found that oxytocin modulates trust behaviour (Kosfeld et al., 2005; Baumgartner et al., 2008; Zhong et al., 2012) .
Oxytocin is a neuropeptide produced in the paraventricular hypothalamic nucleus and, as a neurotransmitter in the central nervous system, it affects various aspects of human sociality (Donaldson and Young, 2008; Meyer-Lindenberg et al., 2011) . A previous study (Kosfeld et al., 2005) found that the intranasal administration of oxytocin enhanced trust behaviour in a trust game (Berg et al., 1995) . Given the possibility of trust betrayal by others, trust behaviours are considered to reflect risk-taking decisions in social exchange settings (Bohnet and Zeckhauser, 2004; Kosfeld et al., 2005; Yamagishi, 2011; Yamagishi et al., 2015) . Baumgartner et al. (2008) found that amygdala activation was attenuated by oxytocin when the participants decided whether to trust opponents with the feedback that half of the trust behaviour was betrayed from the opponents in the previous rounds. They argued that oxytocin inhibits aversion to social risk by attenuating the function of the amygdala. However, as a more recent study argued that oxytocin has no effect on trust (Nave et al., 2015) , the association between oxytocin and trust has attracted more attention in various fields, but needs further research to be fully understood.
Further evidence supporting the role of oxytocin in trust is provided by genetic studies (Apicella et al., 2010; Krueger et al., 2012; Nishina et al., 2015) . The oxytocin receptor (OXTR) gene is localised to the human chromosome 3p25.3 and has four exons (Inoue et al., 1994;  Figure 1) . OXTR encodes the G protein related to the oxytocin receptor, which regulates anxiety, bonding and maternal behaviour (Veenema and Neumann, 2008) . Krueger et al. (2012) found that genetic variations in OXTR rs53576, a single nucleotide polymorphism in OXTR involving an adenine (A)/guanine (G) transition, were associated with trust behaviour in young men. They showed that men homozygous for the G allele (GG genotype) showed higher levels of trust in a trust game compared with A allele carriers (AG or AA genotype). However, in another study, Apicella et al. (2010) did not find an association between OXTR rs53576 genotypes and trust behaviour in men or women.
The sex ratio of participants was biased in previous studies: the ratio of men was 100% (Krueger et al., 2012) and about 20% (Apicella et al., 2010) . Consequently, we conducted an experiment for men and women from a wide range of ages (20s-50s) with a sex ratio that was almost even (Nishina et al., 2015) . We found that the levels of behavioural and attitudinal trust in men homozygous for the G allele were significantly higher than the levels in A allele carriers (AA/AG), and that attitudinal trust mediates the association between OXTR rs53576 genotypes and behavioural trust in men (Nishina et al., 2015) . These findings indicate that OXTR rs53576 genotypes are directly associated with attitude, and not behaviour, in men and is associated with behavioural trust via changes in attitudinal trust.
Although previous studies (Krueger et al., 2012; Nishina et al., 2015) showed that OXTR rs53576 genotypes are associated with trust, the pathway from genotype to phenotype has not been elucidated. To understand the biological mechanism of trust, the relationship between genes and trust must be investigated. To date, two imaging genetics studies have examined the association between OXTR rs53576 genotypes and the brain structure in young adults (Tost et al., 2010; Wang et al., 2014) . Tost et al. (2010) found that men with a GG genotype have a smaller amygdala volume compared with men with AG or AA genotypes, whereas women with a GG genotype have a larger amygdala volume compared with women with AG or AA genotypes. In comparison, Wang et al. (2014) found that women with GG and AG genotypes have larger amygdala volumes compared with women with the AA genotype. Indeed, previous studies showed that the oxytocin receptor is abundant in the amygdala (Insel and Shapiro, 1992; Febo et al., 2005; Ophir et al., 2012) and that intranasal oxytocin administration can inhibit the function of the amygdala when individuals face untrustworthy opponents (Baumgartner et al., 2008) . These results suggest the possibility that OXTR rs53576 variations are associated with the amount of oxytocin receptors in the amygdala, consequently affecting amygdala function. In other words, it is considered that men with the GG genotype on OXTR rs53576 display higher levels of attitudinal trust because aversion to social risk is inhibited by oxytocin.
Although previous studies have demonstrated an association between the OXTR rs53576 genotypes and amygdala volume, this association was not examined with respect to trust; examining this relationship will enhance our understanding of the biological mechanism of trust. In the present study, we analysed three aspects concerning the relationship between the OXTR rs53576 genotypes, amygdala volume and attitudinal trust. First, we examined whether genetic variations in OXTR rs53576 are associated with amygdala volume; although the association is already shown in young adults (Tost et al., 2010; Wang et al., 2014) , we investigated whether this association is observed in individuals belonging to a wider age range, from 20-59 years of age. Second, we examined whether amygdala volume is associated with the level of attitudinal trust. According to studies on social anxiety, characterised by avoidance behaviour in interpersonal relationships, individuals with high levels of social anxiety have a large amygdala volume and a high level of amygdala activation (Tillfors et al., 2001 (Tillfors et al., , 2002 Machado-de-Sousa et al., 2014) . Because anxiety in social exchange settings is negatively associated with attitudinal trust (Yamagishi, 2011) , we predicted that the amygdala volume is negatively associated with attitudinal trust levels. Finally, we examined whether amygdala volume mediates the association between OXTR rs53576 genotypes and attitudinal trust in men. To investigate all three associations, we used voxel-based morphometry, which is widely used in neuroanatomical studies to measure individual differences in the brain structure (Kanai and Rees, 2011) . Our analyses incorporated MRI data and information reported in our previous study (Nishina et al., 2015) that examined the association between OXTR rs53576 genotypes and behavioural and attitudinal trust. However, this is the first study on the relationships among OXTR rs53576 genotypes, the brain structure and attitudinal trust.
Materials and Methods

Participants
Six hundred nonstudent residents living in a moderately wealthy suburb of Tokyo were selected from a list of 1670 applicants who responded to a brochure distributed to approximately 180 000 households. These 600 individuals included 75 men and 75 women in each 10-year age group from 20-59 years. The study was conducted in eight phases over 65 months. Each phase lasted three to six hours, during which various economic games and cognitive experiments were conducted and psychological tests were administered. Findings concerning some of the data collected during the eight phases have been previously reported (Yamagishi et al., 2014; Nishina et al., 2015; Yamagishi et al., 2015; Matsumoto et al., 2016; Yamagishi et al., 2016a Yamagishi et al., , 2016b . The participants answered questions related to attitudinal trust during the first (17 May 2012-22 July 2012) and seventh (25 November 2014-25 January 2015) phases. We collected magnetic resonance imaging (MRI) data during the second phase (6 November 2012-16 February 2013) and buccal cells for DNA extraction were collected during the seventh phase. MRI and genetic data were available for a total of 410 participants: 211 men and 199 women; we focused on these participants in the following analyses. We collected education and annual income information as well as a subjective social class rating that describes the perception of the participants regarding their involvement in society. Demographic data for the 410 participants are shown in Figures S1, S2, S3 and S4.
All experimental protocols were approved by the Ethics Committee of Tamagawa University, where the study was conducted, and the Ethics Committee of Kyoto University Graduate School and Faculty of Medicine, where the genotyping analysis was conducted. The study conformed to the tenets of the Declaration of Helsinki and all participants provided written informed consent.
Attitudinal trust evaluation
Participants were asked to answer the following question: 'Do you think most people would try to take advantage of you if they got a chance, or not?' This question is used in large-scale surveys such as the General Social Survey and the World Values Survey as well as in a previous trust study (Nishina et al., 2015) . The question was answered in a binary form, where 0 indicated lack of trust and 1 indicated trust.
Genotyping
We collected buccal cells from participants and preserved them in 90% ethanol until DNA extraction was performed in the seventh phase. DNA was extracted using the DNeasy Blood & Tissue Kit (QIAGEN, Tokyo, Japan) according to the manufacturer's instructions. Genotyping of OXTR rs53576 was conducted using LAMP Genotyping Series Human OXTR (rs53576; Nippon Gene, Toyama, Japan) by mixing fluorescently labelled LAMP primers and Bst DNA polymerase. The fluorescence level of the reactant was measured by the LAMP-FLP method using a Genie II (Nippon Gene). The same protocol was used in our previous study (Nishina et al., 2015) .
Magnetic resonance imaging
The 3-T Siemens Trio A Tim MRI scanner at Tamagawa University Brain Science Institute was used to obtain MRI data. High-resolution anatomical images were acquired using a T1- 
Magnetic resonance imaging data analysis
The T1-weighted images were processed and analysed using the Computational Anatomy Toolbox (CAT12, http://dbm.neuro.unijena.de/cat/) and Statistical Parametric Mapping software (SPM12, http://www.fil.ion.ucl.ac.uk/spm). The images were corrected for bias, marked for tissue or fluid type (grey matter, GM; white matter, WM; cerebrospinal fluid, CSF), and registered using linear (12 parameter affine) and nonlinear (warping) transformations within the CAT12 default pre-processing pipeline. This initial step generated modulated normalised images that were smoothened via the standard SPM12 smooth pipeline with a full-width at half maximum smoothing kernel of 8 × 8 × 8 mm. CAT12 was used to estimate the overall volume of GM, WM and CSF.
The pre-processed, smoothened GM images were analysed with SPM12 to ascertain brain regions where the GM density was associated with OXTR rs53576 genotypes. Because our previous study did not find a significant difference in attitudinal trust between the AA and AG genotype groups (Nishina et al., 2015) , we combined the brain images for participants with these two genotypes into a single group (AA and AG group) and compared them with images for the GG genotype group. We performed a two-way analysis of variance with two dummy variables as independent variables: OXTR rs53576 genotypes (AA and AG = 0, GG = 1) and sex (women = 0, men = 1). The ages and total GM volume of the participants were included in the analysis as covariates of no interest to regress out any effects attributable to them.
Based on our previous hypothesis that the amygdala volume is associated with OXTR rs53576 genotypes, we conducted whole-brain analyses using a statistical threshold of P FWE-SVC < 0.05 [family-wise error (FWE) corrected with small volume correction (SVC)] with an anatomical mask image of the amygdala (bilateral), which was constructed from the Automated Anatomical Labeling (AAL) atlas in the Wake Forest University PickAtlas software (Maldjian et al., 2003) .
Results
Genotype distribution
The genotype distribution among the 410 participants was as follows: AA, N = 166 (40.5%); AG, N = 193 (47.1%); and GG, N = 51 (12.4%). There was no significant difference in the genotype distribution between men and women [χ 2 (2) = 3.05, P = 0.218]. Tables S1, S2 and S3.
Voxel-based morphometry findings
Whole-brain analysis revealed that the left amygdala volume showed a significant interaction effect between OXTR rs53576 genotypes and sex (peak coordinate: x = −24, y = −6, z = −16, F = 12.5, z = 3.31, p FWE-SVC = 0.028, cluster size = 54; Figure 2A ). The volume of the peak voxel of the left amygdala, after adjustment for age and total GM volume, was extracted and further analysed by sex. The results revealed that the left amygdala volume was significantly smaller in GG men than in carriers of A alleles [t (209) = 2.60, P = 0.01, d = 0.46], whereas it was significantly smaller in women carrying A alleles than in those homozygous for the G allele [t (197) = 2.42, P = 0.017, d = 0.57; Figure 2B ]. No other brain regions showed a significant relationship between OXTR rs53576 genotypes and sex (Table 1) . We also examined the main effects of OXTR rs53576 genotypes using whole-brain analysis (P < 0.001 with extent more than 30 voxels) and found that the volumes of the left anterior cingulate cortex (x = −8, y = 38, z = 20) and right middle occipital gyrus (x = 28, y = −90, z = 3) were significantly smaller in both men and women with a GG genotype than in those with AA and AG genotypes (Table 1 ). In addition, the volumes of the right caudate (x = 8, y = 15, z = 0) and right transverse temporal gyrus/right postcentral gyrus (x = 63, y = −15, z = 15) were significantly larger in both men and women with a GG genotype than in those with AA and AG genotypes.
Association between the left amygdala volume and attitudinal trust
Using the extracted volume of the peak voxel of the left amygdala, we examined whether the left amygdala volume is associated with attitudinal trust. Because 14 out of 410 participants (male = 5, female = 9) failed to answer the question concerning attitudinal trust during phases 1 and 7, we excluded those participants from the analyses. We conducted logistic regression analyses for attitudinal trust data collected during both phases using three independent variables: sex (dummy variable: male = 1), the left amygdala volume and the interaction term of sex and the left amygdala volume. For data collected in the first phase, we found a significant interaction effect between sex and the left amygdala volume (β = 0. confidence interval (0.003-62.36)]. For the second measurement of attitudinal trust during the seventh phase, we did not find a significant interaction effect between sex and the left amygdala volume (β = 0.11, Wald χ 2 = 3.71, P = 0.054, Figure S5 ).
Mediation analysis
We conducted mediation analyses to examine whether the left amygdala volume affects the association between OXTR rs53576 genotypes and attitudinal trust measured in men during the first phase. Initially, we found a significant effect of the GG genotype on attitudinal trust [β = 0.18, Wald χ 2 = 4.30, P = 0.038, odds ratio = 0.386, 95% confidence interval (0.157-0.949)]; however, the effect was no longer significant after controlling for the left amygdala volume [β = 0.15, Wald χ 2 = 2.72, P = 0.099, odds ratio = 0.459, 95% confidence interval (0.182-1.158); Figure 3 ]. In addition, we found that the left amygdala volume had a significant mediation effect on the association between the GG genotype and attitudinal trust in men (Sobel test; Z = 2.04, P = 0.042).
Discussion
We examined the associations among OXTR rs53576 genotypes, amygdala volume and attitudinal trust; this is the first study to show the association between OXTR rs53576 genotypes, amygdala volume and attitudinal trust in people of a wide age range. Our analyses revealed three important findings. First, OXTR rs53576 genotypes were associated with the left amygdala volume, although the direction of the association was dependent on the sex of the individual. Men with a GG genotype exhibited smaller left amygdala volumes compared with men with AA and AG genotypes, whereas women with a GG genotype exhibited larger left amygdala volumes compared with women with AA and AG genotypes. These findings indicate that oxytocin receptors affect the structure of the amygdala. Our data support some of the findings from previous studies (Tost et al., 2010; Wang et al., 2014) . Tost et al. (2010) found an association between OXTR rs53576 genotypes and right amygdala volume in both men and women, while Wang et al. (2014) found an association between genotypes and amygdala volume in women but not in men. These inconsistent results may be due to differences in participant characteristics. The Tost et al. (2010) study involved 212 participants (103 males and 109 females) and the Wang et al. (2014) study included 290 participants (136 males and 154 female). In addition, both studies collected data from mostly young adults in their 20s and 30s. Compared to these studies, our research has a larger number of participants (410; 211 males and 199 females) and a wider age range (ages 20 to 59). We believe that our approach contributes to an improved understanding of the relationship between genetic polymorphism, amygdala volume and attitudinal trust. The cultural difference among GG genotype participants is another possible source for data discrepancies. Previously, crosscultural studies found that the frequency of the GG genotype on OXTR rs53576 was very small in East Asian samples compared Fig. 3 . Results of mediation analysis conducted to assess the role of left amygdala volume in the association between variations in oxytocin receptor gene (OXTR) rs53576 and attitudinal trust in men. The left amygdala volume mediates the association between OXTR rs53576 (GG = 1) and attitudinal trust. * P < 0.05, * * P < 0.01, * * * P < 0.001.
to American samples (Kim et al., 2010) . Indeed, the number of GG genotypes in an East Asian sample was small [22 (7.6% of the sample) in Wang et al., (2014) , 51 (12.4% of the sample) in our study] compared to the American sample [95 (45% of the sample) in Tost et al., (2010) ]. Such a biased frequency of the GG genotype is thought to impair the consistency of the results between various studies. We observed a difference in the association between OXTR rs53576 genotypes and amygdala volume among the sexes, which may be attributable to sex differences in the distribution of oxytocin receptors in the amygdala regulated by OXTR rs53576. We speculated that men with a GG genotype have more oxytocin receptors in the amygdala, whereas women with a AA genotype have more receptors; furthermore, it attenuated activation of the amygdala. Correspondingly, the amygdala volume decreased in men with GG genotype and women with AA genotype. However, the effects of OXTR rs53576 variations on oxytocin receptors are unknown and are currently difficult to examine in vivo in humans. Further studies and advances in technology to facilitate in vivo experiments are needed for a more comprehensive investigation into the relationship between the genetic variance of OXTR rs53576 and oxytocin receptors.
Second, we found a significant interaction effect between the left amygdala volume and sex on attitudinal trust measured in the first phase. In addition, the left amygdala volume was negatively associated with attitudinal trust in men, but not in women. Previous neuroscience studies have shown that the amygdala plays a pivotal role in the fear of risk during social exchange settings (Baumgartner et al., 2008; Koscik and Tranel, 2011) . Tian et al. (2016) found that the left amygdala volume was positively correlated with social anxiety levels, and a recent meta-analysis reported that the left amygdala volume was positively associated with negative emotionality-related traits (Mincic, 2015) . In addition, while the right amygdala plays a role in the automatic response that detects an emotional stimulus, the left amygdala plays a role in the cognitive process of emotion (Vrtička et al., 2011) . Because attitudinal trust is an evaluation of the trustworthiness of others, the participants answered what they think about it in daily life. Therefore, men with small left amygdala volumes may exhibit higher levels of attitudinal trust and less fear of social risks, such as betrayal by others, compared to men with large left amygdala volumes. The association between attitudinal trust and the left amygdala volume was observed in men, but not in women, implying that the level of attitudinal trust in men is affected by fear of social risk mediated by amygdala volume. In women, factors other than the fear of social risk may have a greater effect on attitudinal trust levels.
The weaker relationship between attitudinal trust measured during the seventh phase compared to the first phase may be due to the time lapse between measurements. While the time between the first attitudinal trust assessment and MRI data collection is 6 months, the time between the second attitudinal trust assessment and MRI data collection is 2 years. These results suggest that the association between brain volume and psychological traits may become weaker with time.
Third, we revealed that the left amygdala volume has a significant mediation effect on the association between OXTR rs53576 genotypes and attitudinal trust in men. Nishina et al. (2015) found an association between OXTR rs53576 genotypes and attitudinal trust in men, although the pathway from gene to behaviour remained unclear. To our knowledge, this is the first study to show that left amygdala volume plays a pivotal role by mediating the relationship between OXTR rs53576 genotypes and attitudinal trust in men. Understanding the effects of OXTR rs53576 genotypes is important because they may be associated with the amount of oxytocin receptors in the amygdala. We hypothesised that more oxytocin receptors are present in the amygdala of GG men than in the amygdala of AG and AA men; the number of receptors will influence amygdala activation.
As many studies have shown that oxytocin administration attenuates amygdala activation (Kirsch et al., 2005; Baumgartner et al., 2008; Domes et al., 2007) , oxytocin does not affect social cognition and social behaviour directly but affects the amygdala instead. Bartz et al. (2011) suggested the 'anxiety reduction hypothesis' as a model of the social effect on oxytocin. According to this hypothesis, oxytocin reduces anxiety and fear by acting on the amygdala, which regulates social cognition and social behaviour. This hypothesis is consistent with our results in this study that show that the oxytocin system reduces anxiety for social risk and regulates attitudinal trust.
Findings from studies on human trust with biological approaches are consistent with the findings of studies on human trust in the field of social sciences. As described previously, the frequency of the GG genotype in East Asians is lower than that in Americans, whereas the frequency of the AA genotype in East Asians is higher than that in Americans (Kim et al., 2010; Kim et al., 2011; Sasaki et al., 2011) . In addition, the GG genotype is associated with high levels of attitudinal and behavioural trust in men (Krueger et al., 2012; Nishina et al., 2015) . These results predict that the level of trust in American men is higher than that in East Asian men; this prediction is partially supported by studies on social psychology (Yamagishi and Yamagishi, 1994; Yamagishi, 2011) . Yamagishi et al. (2011) discussed that high levels of trust in Americans are formed to adapt to the social environment, with a major advantage of increased interaction with strangers. This discussion suggests the possibility that OXTR and culture have coevolved.
Limitations and future directions
We analysed the association among genotype, brain volume and attitudinal trust; however, attitudinal trust is a very limited aspect of human trust. In order to generalise these associations, it is necessary to consider various aspects of human trust (e.g. trust behaviour in daily life). Although we showed that the left amygdala volume plays a role in the association between OXTR rs53576 genotypes and attitudinal trust in men, future studies should examine whether the function of the left amygdala mediates this association as well. Furthermore, a few studies have reported that the level of DNA methylation in OXTR is associated with social anxiety (Ziegler et al., 2015) , postpartum depression (Kimmel et al., 2016) , and facial recognition ability (Puglia et al., 2015) . Because DNA methylation is an indicator of gene expression (Saxonov et al., 2006; Moore et al., 2013) , examining the relationship between methylation levels of OXTR, the left amygdala volume and attitudinal trust may enhance our understanding of the biological mechanism of trust.
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